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Abstract

Background: Crop residues are an important raw material for bioenergy. There is, however, obvious seasonality
in crop harvests, and thus, a continuous supply of crop residues and its respective influencing factors should be

investigated.

Methods: In this paper, the impacts of geographical climatic conditions, characteristics of crops and the macroeco-
nomic status exerted on the continuity of crop residue supply were analysed. Likewise, the effects of various factors

on the supply of crop residues were examined.

Results: The results indicate that planting scale, crop diversity, climatic conditions, and topography have a signifi-
cantly positive impact on a continuous crop residue supply, whereas the planting structure, temperature square term,
energy pressure, and the economic development level have a significantly negative one. Finally, a regression-based
decomposition method was used to measure the contribution rate of each variable onto the inequalities in the con-
tinuous supply of crop residues, which confirms that the impact of characteristics of crops on its continuous supply
was the highest. The economic development level is the most important factor that affects the inequalities in the

continuity of crop residue supply.

Conclusions: The above results were achieved by using different measurement methods, and based upon the find-
ings obtained, this paper proposes policies and suggestions for ensuring sustainable and bioenergy-oriented crop

cultivation.
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Background

As a result of the dual pressure caused by the scarcity
of petrochemical energy and environmental pollution,
countries have paid more and more attention to the
development and use of bioenergy to replace fossil fuel
energy [1-5]. Although the development of bioenergy
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has played a positive role in mitigating the global energy
crisis and reducing environmental pollution [6], bioen-
ergy is currently based primarily on economic “cash”
crops such as grain or oil crops, which will not only
threaten global food security but also aggravate poverty
in some developing countries [7]. China has a large popu-
lation with a relatively high population density [8]. Water
resources are however significantly insufficient [9]. In
the event that bioenergy is developed from crops, it will
inevitably affect China’s food security and the sustainable
development of animal husbandry. Crop residues can be
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converted into bioenergy through a respective industrial
technology, which has an important gross development
value. As a global giant in agricultural production, China
produces a lot of crop residues. If they could be con-
verted into energy, this might not only solve the problems
of energy scarcity and waste disposal, but also improve
the rural ecological environment [10, 11]. However, crop
residues are currently not comprehensively and effi-
ciently used in China. Farmers burn some agricultural
residues in their fields, which is not only a waste of valu-
able resources but also causes serious environmental pol-
lution [12]. Therefore, the use of agricultural residues for
producing bioenergy has significant economic and eco-
logical benefits [13].

In the basic cycle of agricultural production, crop resi-
dues play an important role in preventing soil erosion,
maintaining soil fertility and sustainable crop cultivation.
In addition, crop residues have long been a major source
of both feed for animal husbandry and energy for cook-
ing and heating in rural areas [14, 15]. At present, due
to the development of the emerging bioenergy industry,
crop residues have a wider range of uses, such as in edi-
ble fungi cultivation and density-compressed board and
papermaking. Particularly in the context of the depletion
of petroleum resources and a deteriorating ecological
environment, bioenergy and bio-based chemical mate-
rials have become increasingly important [16], which
makes the use of agricultural residues unprecedentedly
valuable for various countries. In China, the develop-
ment of bioenergy and the generation of energy through
the planned use of crop residues have become strate-
gic options to solve not only the “Agriculture, Country-
side, and Farmer” issues but also the environmental and
energy ones [17]. Driven by relevant policies, China’s
crop residue energy industry has developed rapidly. Crop
residue gasification, crop residue solidification mould-
ing, and crop residue power generation have grown sub-
stantially [12]. With the rise of the crop residue energy
industry, agricultural wastes have also been converted
into an important energy resource with economic and
social value. As the lasting demand for energy requires
a continuous supply of raw materials [18], a discontinu-
ous crop residue supply is critical for a project aiming at
their continuous, i.e. “sustainable” and environmentally
friendly use.

Most of the existing literature with regard to crop resi-
due supply focuses on three aspects. The first one is to
study the total amount of crop residues. Liu et al. [19]
have estimated the potential of Canadian crop resi-
dues by considering factors such as crop yield and land
changes and found that the quantity of potential crop res-
idues amounted to approximately 3730 x 10* t. Roberts
et al. [20] have considered crop species, planting area and
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yield and have calculated the annual dry residual biomass
potential in the Partido of General Pueyrredén, Buenos
Aires, Argentina. The calculated result of residual bio-
mass potential is approximately 20.5 x 10* t. Haase et al.
[21] have applied the planting area of crops and the ratio
of grass to crops to evaluate the total amount of available
crop residues in Europe through the GIS system.

A further aspect is to evaluate the amount of crop resi-
dues to be used as an energy source on the basis of the
agricultural residues, which are being returned to the soil
and/or being implemented in the collection rate. Tian
et al. [22] have studied different crops used as fuel, ferti-
liser, feed or industrial materials, and concluded that the
amount of crop residues that could be used as an energy
source in China is approximately 3.44 x 10® t. Chandra
and Hemstock [23] have used the crop yield and the crop
residue collection rate for calculating Fiji's agricultural
biomass potential and obtained a result of 72.67P]. Zhu
et al. [24] have calculated the possible sources of crop
residues for China’s main crops as 15 Mtce—18.6 Mtce,
when crop residues are used in agriculture, industry, and
combustion. A further third aspect is to study the impact
of factors such as R&D costs and processing technology
on the aggregate economic impact of crop residues. Due
to the differences in specific technologies and the evalua-
tion content, scholars have obtained different assessment
results with regard to the aggregate economic impact of
crop residues. Hoogwijk et al. [25] have modelled the
productivity levels and labour input costs in different
regions and found that global wasteland and reusable
land can provide 130-270E] of bioenergy annually when
the production costs are below 2$/G]J. Stephen et al. [26]
have taken transaction and shipping costs into considera-
tion and calculated that the amount of agricultural resi-
dues in the Pingda area of Alberta are between 5 x 10* t
and 50 x 10* t. Sun et al. [27] have used the Monte Carlo
simulation method to study the crop residue collection
rate based on unit purchasing costs, shipping costs and
collection costs and found that price coordination is con-
ducive to an increase in the crop residue utilisation rate.

There are only few studies dealing with the continu-
ity of crop residue supply. The continuity of the sup-
ply of energy resources is an important parameter of
resource quality [28]. On the one hand, competing uses
for agriculture residues are rapidly emerging, especially
from bioenergy generation. Using cost—benefit analysis
(CBA) and life-cycle assessment (LCA), Clare et al. [29]
compared the economic feasibility and carbon emis-
sion reduction potential of biochar production through
pyrolysis, with that of bioenergy production through
briquetting and gasification in China. They found
that briquetting straw for thermal energy is the most
cost-effective carbon emission reduction technology.
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However, the bioelectricity subsidy scheme leads to
gasification more financially captivating for investors
than both briquetting and pyrolysis. On the other hand,
the primary issue of biomass logistics is its storage,
primarily when it is characterised by seasonal avail-
ability. The existing literature usually adopts the lowest
cost storage method available arbitrarily, ignoring the
effects this method could have on the total system effi-
ciency [30]. Rentizelas et al. [31] employ the three most
frequently used biomass storage methods to analyse a
case study. They conclude that the lowest cost storage
method consists of the system-wide most efficient solu-
tion indisputably. However, low-cost agriculture resi-
due storage methods bear increased safety, health, and
technological risks [32].

Therefore, aside from the competing uses and stor-
age factor, the evaluation of other factors affecting the
continuity of crop residue supply is an essential issue
for the energy-oriented use of crop residues. This paper
examines the impacts of factors which are divided into
three aspects, climatic and geographical conditions,
characteristics of crops, and the macroeconomic status
on continuous crop residue supply, providing insights
regarding the supply of agricultural residues and facili-
tating in this way the sustainable development of bio-
energy. The structure of this paper is as follows: the
following second part provides a literature review, the
third one the methodology, the fourth one the results
obtained, and the last one includes conclusions, impli-
cations and suggestions for future research.

Factors affecting sustainable and environmentally
friendly crop residue cultivation

The continuous crop residue supply index is calculated
based on three indicators: the annual total amount
of crop residues, their seasonal distribution, and the
potential demand [33]. Therefore, the factors affecting
these three indicators will also affect the sustainabil-
ity of the cultivation. Climatic conditions, topography;,
planting scale and structure, the farming system, crop
diversity and the energy pressure, as well as economic
development levels have also influenced the sustain-
ability of crop residue supply [34]. These factors can
be classified into three types: climatic and geographic
conditions, characteristics of crops and the macroeco-
nomic status [35]. Here, the geographic and climatic
conditions include two factors, climate and topography.
The characteristics of crops are comprised of four fac-
tors: planting scale, planting structure, crop diversity,
and farming system, whereas the macroeconomic sta-
tus comprised two factors: economic development level
and energy pressure.
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Climatic and geographical conditions

Agriculture is closely related to local climatic conditions.
Light, temperature and rainfall have a decisive effect on
agriculture. On the other hand, the topography of crop
residue production will affect the scale of planting.

Climatic conditions

The climatic conditions themselves affect the continu-
ity of the supply of agricultural residues in several ways.
Firstly, climatic conditions might affect the planting
scale [36], which in turn might affect the sustainabil-
ity of crop residue supply. The total amount and qual-
ity of the cultivated land resources and the distribution
of water resources in a region are the result of local cli-
matic conditions and social, economic and cultural fac-
tors over a long period [37]. In areas with sufficient rain
and heat, the cultivated land resources could be more
abundant, irrigation could be more convenient, and the
multiple farming indices might be higher and the plant-
ing scale larger [38]. Secondly, climatic conditions could
affect the planting structure [39], which in turn could
affect the supply of crop residues. Driven by demand and
economic benefits, the scale of horticultural crop plant-
ing has gradually expanded nationwide (see Fig. 1). Areas
with abundant rain and heat have a competitive advan-
tage for growing horticultural crops, from which it can
be inferred that the scale of horticultural crops in these
areas is expanding faster. As a result, the proportion of
non-straw crops could be rising. Figure 2 compares the
proportions of vegetables in different provinces with sim-
ilar economic development levels, but different climatic
conditions. The proportion of vegetables in provinces
with higher average annual temperature is significantly
higher than that of provinces with lower average annual
temperature. Among the eastern provinces, Shanghai
and Beijing have the highest proportion of vegetables.
In central and western provinces, the proportion of veg-
etables in Hainan and Guangxi is more than six times
higher compared to that in Heilongjiang and Jilin. In
the past two decades, Hainan, Guangxi and other cen-
tral and western provinces have fully exerted their cli-
matic advantages and expanded vegetable production
and trade, which has significantly increased the scale of
vegetable production. Figure 1 shows that the propor-
tion of vegetables in Hainan has increased sharply from
15.69% in 1998 to 35.79% in 2017. Guangxi has a simi-
lar trend of development. In Yunnan, the proportion of
vegetables has grown significantly in recent years. The
above-mentioned data show that under better climatic
conditions, the planting structure could be more biased
towards non-straw crops, which might have a negative
impact on the supply of crop residues. Thirdly, climatic
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conditions can determine the diversity of crops [40]. Spe-
cific climatic conditions also determine the crop maturity
period, which will in turn affect the crop diversity and the
seasonal distribution of crop residues.

Topography

In plains, soil is deep and fertile, construction costs for
farmland water conservation facilities are low, and irri-
gation is also relatively inexpensive [41]. Compared with
hills and mountains, plains are better sites for planting.
Worldwide, areas with developed planting industries are
mostly distributed across plains [42]. Hills and moun-
tains are more suitable for forestry and animal husbandry

[43]. It can be inferred that under the same conditions,
the scale of planting in plains is larger than that in moun-
tains and hills. However, different altitudes and ground
conditions might cause differences in the local climate,
which in turn will lead to differences in planting systems
[44]. In areas with the same latitudes, lower temperatures
in mountains and hill areas are likely to reduce multiple
farming indices.

Characteristics of crops

There are many factors affecting the continuous sup-
ply of crop residues such as planting scale and structure,
farming system and crop diversity. The planting scale is
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the most important factor to influence the production of
crop residues.

Planting scale and structure

Crop residues are wastes that are most valuable for cul-
tivation. Planting scale is the primary factor determin-
ing the total amount of crop residues [45]. However, in
the case of a fixed planting scale, the planting structure
has a decisive effect on the total amount of crop residues
[46]. Usually, scholars categorise crops into straw crops
(e.g., grain, cotton, oil crops, rice and wheat) and non-
straw crops (e.g., vegetables). The higher the proportion
of straw crops in total crops, the richer the crop residues
would be [47]. Therefore, the larger the planting scale
is, the lower the proportion of non-straw crops and the
higher the continuity of crop residue supply would be.

Farming system

The crop maturity period and multiple-crop index reflect
the farming system used in agricultural production and
determine the scale of planting [48]. The planting scale
of multi-cropping on the same land in a certain period of
time is often larger than that of a single crop on the same
land [49]. In addition, under the same conditions, crop
diversity would be reduced under a regime of a “three
harvests per year’, a “two harvests per year’, a “three
harvests every 2 years’, or a “one harvest per year” farm-
ing system, respectively [50, 51]. Therefore, the farm-
ing system could affect the seasonal distribution of crop
residues.

Crop diversity

The seasonality of the crop residue harvest depends on
the connection between one harvest and the next [52].
The more varieties of crops with different harvest peri-
ods during the year are, the closer the continuity of crop
residue harvests over time would be [53]. Therefore, crop
diversity determines the distribution of crop residues in
each month’s supply, thus in turn affects the supply sus-
tainability of the residues.

Macroeconomic status

Macroeconomic factors such as energy pressure and eco-
nomic development level should also be addressed. These
external impacts of economic sustainability are concen-
trated in the broader economy, taking into account social
and environmental impacts. The economic sustainability
of crop residues needs to be evaluated at the macroeco-
nomic level. Investment in local energy and more renew-
able energy resources will increase employment in rural
areas, thus internalising the economic value of biomass.
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Energy pressure

Energy shortages and environmental problems caused
by the consumption of fossil energy are major chal-
lenges in future social and economic development [54].
Under such pressure, the urgency of seeking renew-
able clean energy to replace fossil fuels is high, and the
potential demand for crop residues might be tremen-
dous [55].

Level of economic development

The economic development level affects the continu-
ity of crop residue supply through a variety of mecha-
nisms. Economic development reduces the scale of
crop production and thus restricts a continuous sup-
ply of crop residues. The economic development level
represents the level of industrialisation and urbanisa-
tion [56], while the process of industrialisation and
urbanisation in turn requires a large amount of culti-
vated land [57]. The situation can be more obvious in
eastern provinces, while central and western provinces,
and in particular, large agricultural provinces, are more
responsible for ensuring food security and stabilising
the supply of agricultural products, and in this way,
take more actions to protect the cultivated land. As
shown in Fig. 3, a comparison of the data representing
arable land in the provinces in 1998 and 2017 reveals
that the area of cultivated land in provinces with faster
economic development increases less quickly [58, 59].
In addition, in Beijing and Shanghai, the area of culti-
vated land suffered a significant decrease of more than
30%. However, in most central and western provinces,
the area of cultivated land increased notably.

In summary, as an agricultural resource, the quan-
tity and quality of crop residues directly depend on
planting characteristics [33]. Although geographi-
cal and climatic conditions can also affect agricultural
production, their influences could be strongly limited,
because humans are now more capable of adapting to
and transforming the agricultural environment. In con-
trast, under the conditions of an open market economy,
macroeconomic factors and energy pressures have an
increasing influence on the supply of crop residues [52,
57]. Therefore, plant topography, planting scale, farm-
ing system, and crop diversity have a positive impact on
the continuity of crop residue supply; planting struc-
ture, energy pressure and economic development level
have a negative impact on a continuous supply of crop
residues, whereas climatic conditions have a positive or
negative impact on this supply. The expected impact of
various factors is demonstrated in Table 1.
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Table 1 Description of the variables

Variables Mean St. dev Max Min Expected impact Definition

SSC 512 253 8.5 0.83 / CRS sustainability coefficient
C 14.87 5.03 26.01 3.84 Temperature

c? 23571 145.81 649.12 23.07 — Temperature squared term
pPSC 50.07 4154 14252 234 + Planting scale (million/ha)
PST 1417 791 36.6 19 — Planting structure (%)

FS 1.26 037 2.52 0.66 + Multiple-crop index

SDI 0.71 0.1 0.86 045 + Simpson Diversity Index

EP 2.75 1.24 6.71 1.05 — Energy pressure

TGP 0.53 0.51 1 0 + Topography

EDL 0.33 047 1 0 - Economic development level
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Methodology

Data sources

This paper examines panel data of 31 provinces in
China from 2008 to 2017 as a research sample. Data
with regard to climate temperature, area of cultivated
land, and total population are taken from the China
Statistical Yearbook [60]. Data regarding the planting
areas of various crops were taken from the website of
the Ministry of Agriculture and Rural Affairs of China
[61] and the total energy consumption data from the
China Energy Statistical Yearbook [62].

Variables

Dependent variable (the continuous crop residue supply
index)

The proportion of electricity consumption in each
region to the national power consumption is used as
the weight, which is multiplied by the national monthly
crop residue demand to obtain the monthly demand in
each region [35]. The authors followed Zhou et al. [33]
to calculate the monthly crop residue supply and the
supply—demand ratio of crop residues in each region.
The steps are as follows.

1 Calculate the monthly crop residue demand. The
annual harvest of crop residues in each region is
summed up to obtain the national annual har-
vest, denoted T'. The national monthly crop residue
demand is D,,, = T /12. The proportion of electricity
consumption in region i to the national consumption
is given as P;, and the monthly demand for crop resi-
dues in region i is D; = Dy, * P;.

2 Calculate the supply—demand ratio of crop residues
in region i. The amount of crop residue harvest in
region i in month j is HAY;, the supply is S, the
remaining supply is Rj, and the supply—demand
ratio is SDP;. The supply in January (month 1) is
equal to the amount of harvest, that is, Sjj = HAY ;.
If Sj7 > Dj; next set SDP;; =1, Ry =8Sq1 — D;. If
Si1 < Dj; then SDP;; = S;1/D;, Ri1 = 0.

3 Calculate the supply—demand ratio of crop resi-
dues in February (month 2). If R;; < D;, then

Sip = Rj1 + HAYj». Here, if Si» > D;, then set
SDPjy =1, Rp=Sn—D;. If Sp<D; then
SDP;, = Sip/D;, Rip=0. If R;; > D; then set

SDPj; =1, Sjp = HAY 5.

4 Calculate the supply—demand ratio of crop residue
in region i from the third month to the 12th month.
Regarding the size of R;;, follow step (3) and calcu-
late the supply—demand ratio of crop residue in every
month.
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According to the monthly supply—demand ratio of crop
residues, one can ascertain which months of crop residue
supply meet the demand for the year and which months
indicate the supply—demand gap as well as the degree of
shortage as a basis for the evaluation of the continuity of
crop residue supply. To facilitate the comparison of crop
residue supply between different regions, the equation
for the supply sustainability coefficient is as follows:

12

SSC; = » _SDPy, )
j=1

where SSC; represents the supply sustainability coeffi-
cient. j refers to the month. SDP;; is the supply—demand
ratio of crop residues in region i in month ;. The value
of SDP;; is between 0 and 1, and the value of SSC; is
between 0 and 12. The higher the value of SSC; is, the
more sustainable the crop residue supply would be.
When SSC; = 12, this indicates that the monthly crop
residue supply in region i can fully meet demand, and
the crop residue supply is perfectly sustainable. When
SSC; = 0, this indicates that there is no crop residue sup-
ply throughout a year.

Independent variables
1 Climatic conditions

The climatic conditions (°C) can be measured by
using different indicators, such as climate and rain-
fall. As the temperature might reflect north—south
differences and the correlation coefficient between
the interprovincial temperature and the precipita-
tion might exceed 0.7 [63], this paper uses the annual
average temperature of provincial capital cities to
evaluate the climatic conditions. In order to examine
the critical point of the net effect of the climatic con-
ditions on the continuity of crop residue supply, the
temperature squared term (°C2) is introduced as an
independent variable.

2 Planting scale
The planting scale (PSC) is based on the measured
area of crop planting.

3 Planting structure
The planting structure (PST) is based on the propor-
tion of the measured planted area.

4 Farming system
The farming system (FS) is based on the measured
multiple-crop index [64]:

C
x 100%, (2)

ES =
TCLA



Xu et al. Energ Sustain Soc (2020) 10:35

where FS represents the multiple-crop index, TAC
represents the total area of crops throughout the
year, and TCLA represents the total cultivated land
area.
5 Crop diversity

The crop diversity is examined using the Simpson
Diversity Index (SDI), which is estimated using the
following equation:

SDI = (1 - Zp%); (3)
i=1

where S is the number of species and P; refers to the
ratio of the planting area of crop i. The value of SDI
is between 0 and 1. The greater the value of SDI is,
the higher the crop diversity would be. Ten species of
crops were examined in this paper, including potato,
canola, winter wheat, spring wheat, early rice, middle
rice, late rice, peanut, corn, and soybean.
6 Energy pressure

The energy pressure (EP) is determined from the
energy consumption per capita [55].

Control variables

This paper also uses “plains or not” and “eastern province
or not” as the proxy variables for the topography (TGP)
and the economic development level (EDL), respec-
tively [28]. Sixteen provinces, including Beijing, Tianjin,
Hebei, Liaoning, Jilin, Heilongjiang, Shandong, Shanghai,
Jiangsu, Anhui, Jiangxi, Henan, Hubei, Hunan, Chong-
qing, and Sichuan, are classified as provinces in plains,
and their value of the control variable of “plains or not” is
1. For other provinces, the value is 0 [65]. Nine provinces,
including Beijing, Tianjin, Hebei, Shandong, Jiangsu,
Shanghai, Zhejiang, Fujian and Guangdong, are classified
as eastern provinces, and their value of the control vari-
able of “eastern province or not” is 1. For other provinces,
the value is 0 [1]. Table 1 lists the definition and the sta-
tistical description of each variable.

Measurement
Regression model
Accordingly, the following regression model is
established:
n
SSCit = a0+ > _ BuXit + €, (4)
1

where SSCj; represents the crop residue supply sustaina-
bility coefficient in province i in year ¢. Xj; represents the
independent variables, including the °C, °C2, PSC, PST,
SDL, EP, FS, and plains and eastern province dummies. &
is the random error term.
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Measurement of the inequality in crop residue supply
continuity

Based on the study by Shorrocks [66] and the regression
decomposition method employed in early studies [34,
67], this paper proposes a regression equation-based ine-
quality decomposition method that uses the coefficient of
variation CV (e) to measure the inequality in interprovin-
cial continuity of crop residue supply. At first, the value
of B should be estimated based on the results of Eq. (4).
Thereafter, the value SSC of SSC should be estimated, and
then the value SSC of SSC should be calculated without
considering the constant term. Finally, the regression
decomposition should be realised step by step.

Step 1: The contribution of the residual and the con-
stant term to CV (SSC) should be calculated:

C. = CV(SSC) — CV(sBC), (5)

Cq = CV(SBC) — v (SBC) ©6)

Step 2: The contribution of each variable to CV(SSC)
should be estimated separately. The value of X is dif-
ferent for the different provinces. X; should be
replaced by the sample mean X; to eliminate the dif-
ference in X;. After the replacement, the value of
SSC should_be calculated again, which is repre-
sented as SSC. The difference estimated by SSC is

represented as CV <SSC>, which is determined by

using the difference after excluding X; from X. Simi-
larly, replace X; and X; with X; and Xj, which can
eliminate the differences in X; and X; at the same
time. After the replacement, the value of SSC should
be calculated again, which is represented as SSCj;.
The difference measured by using SSCj; is repre-

sented as CV | SSCj; |, which in turn is used to elimi-

nate further differences in X. C]"" represents the nth
contribution of variable x to the inequality in the
mth round. After calculating the contribution for
each round, the contribution of variable x in the mth
round is obtained:

Ny,
Cl'=> CI" /Ny, (7)

n=1

where C}" represents the contribution of variable x in
the mth round. N, = (9 — D!/((9 — m)!(m — 1)!).
Then the contribution of variable x to the inequality
in interprovincial continuity of crop residue supply
is obtained in the following, where I represents the
province:
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9
Ce= > _IT7/9. (8)
m=1

Step 3: The contribution rate of each factor should
be calculated. The contribution rate of the variable x
to the inequality in interprovincial continuity of crop
residue supply is then calculated as follows. The cal-
culation of the contribution rates of the residual term
and the constant term is carried out in the same way:

Cx

Cly=——~
* 7 CV(SSC)

% 100%. 9)

Results and discussion

Model test

Cross-sectional heteroscedasticity, sequence correla-
tion, and cross-sectional correlation are common prob-
lems in panel data model estimation. Reed and Ye [68]
employed the Feasible Generalized Least Squares (FGLS)
estimator and used three indicators, HETCOFE, RHO-
HAT, and CSCORR, to test whether the sample data
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correlation) would represent two relatively suitable esti-
mation methods. Given that the sample data have an
obvious sequence correlation, in this paper the parameter
estimation is carried out by using the FGLS (the group-
wise heteroscedasticity + serial correlation).

Regression results

The results in Table 3 demonstrate that the signs of most
estimated parameters are consistent with the expecta-
tions. From the significance of the variables, except for
the constant term, the ¢ tests for all the coefficient esti-
mates of the variables are significant: FS is significant at
a 10% level, and °C and °C? are also significant at a 5%
level; the other variables are significant at a 1% level. The
regression results verify the previous inference that tem-
perature has a significantly positive impact on the conti-
nuity of crop residue supply, but when the temperature
reaches a certain level, it begins to have a negative net
impact on the supply. A further approximation using
the estimated coefficients of °C and °C? indicates that an

have cross-sectional heteroscedasticity, sequence cor- Table 3 Results of FGLS (groupwise
relation, and cross-sectional correlation, respectively.  heteroscedasticity + serial correlation)
In this paper, the three factors were calculated based on -y oo Coefficient Zvalue
the method mentioned above. The results are shown in
Table 2. The value of HETCOFE is 3.17 and passes the 5%  C — 0642 =077
significance level test and indicates the existence of het-  °C 0147+ 3.24
erogeneity between the sections. The value of RHOHAT — °C’ — 0.004" -2V
is 0.72 and passes the 1% significance level test and indi- TGP 06727 351
cates the existence of a sequence correlation. The value  PSC 0.009%** 491
of CSCORR is 0.55, but the P value is non-significant  PST — 0035%** _317
and indicates that there is no cross-sectional correlation. ~ F5 0.404* 813
Therefore, this paper focuses on solving the problems of 5D 69417 801
cross-sectional heteroscedasticity and sequence correla-  EP —0.251 —4.03
tion in model estimation. According to Reed and Ye [68]  EDL = 1771 —6.59
and provided the number of sections exceeds the num-  Wald test P=0.00
ber of time sequences, the HETCOFE would be higher T 10
than 1.67, the FGLS (the groupwise heteroscedasticity) N 31
and the FGLS (the groupwise heteroscedasticity 4+ serial == »+ ssignificant at 19, 5%, and 10% levels, respectively
Table 2 Model test of panel data
Groupwise Serial correlation (RHOHAT) Cross-sectional Number of cross- Number
heteroscedasticity dependence sections (N) of time
(HETCOEF) (CSCORR) periods (T)
Experiments where N>T
Ho No groupwise heterosce- No serial correlation No cross-sectional - -
dasticity dependence
Measure 3.17 0.72 0.55 31 10
P value 0.014** 0.007%** 0.284 - -

The measures HETCOEF, RHOHAT and CSCORR are described in Reed and Ye [68]
**x %% *Significant at 1%, 5%, and 10% levels, respectively
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increase in the average annual temperature of the provin-
cial capital over 22° affected the climatic conditions in a
way that they began producing a net negative impact on
sustainability. This means that the superior climatic con-
ditions in Guangdong, Guangxi, Hainan and other prov-
inces have greatly increased the proportion of vegetables
in planting, which in turn restricts the supply of crop res-
idues. This is also consistent with the expectations given
in this paper. Planting scale, crop diversity, multiple-crop
index, and topography have a positive impact on sustain-
ability, while the EDL, planting structure, and EP have a
negative impact.

Parameter estimation revealed a marginal influence of
various variables on the continuity of crop residue sup-
ply, and the necessity for a further examination of the
contribution rates of various variables to the inequality in
interprovincial crop residue supply to sort the variables
according to the contribution rate and distinguish the
importance of each variable. Therefore, the contribution
rate of each variable is measured by a regression-based
decomposition method.

The contribution rate of variables founded

upon regression-based decomposition

Table 4 demonstrates the regression-based decomposi-
tion results. The explanatory power of the character-
istics of crops for the continuity of crop residue supply
accounts for 42.12% of the explanatory power of all vari-
ables, which demonstrates that the impact of the charac-
teristics of crops on the supply of crop residues exceeds
that of the geographical and climatic conditions and the

Table 4 Results of regression-based decomposition

Feature categories Variables Contribution Percentage (%)
toCV
Geographical and °C 362 7.71
climatic conditions o2 007 015
TGP 137 292
Sum 5.06 10.77
Characteristics of crops ~ PSC 6.75 14.37
PST 262 558
FS 1.79 3.81
SDI 8.63 18.37
Sum 19.79 42.12
Macroeconomic status ~ EP 457 9.73
EDL 9.03 19.22
Sum 13.6 28.95
a 1.69 3.60
£ 6.84 14.56
Sum 8.53 18.16
Total 46.98 100
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macroeconomic status. Geographicaland climatic con-
ditions account for only 10.77% in terms of explanatory
power, indicating that its influence is very limited, while
the macroeconomic status accounts for 28.95%, indicat-
ing a relatively higher influence.

As shown in Table 4, the EDL accounts for the largest
proportion of factors that affect the inequality of a con-
tinuous crop residue supply and indicates that the eco-
nomic development gap is the most important factor
contributing to a lower continuity of crop residue sup-
ply in the Eastern provinces compared to the central and
western provinces. In the short term, when the economic
development pattern in the eastern, central and western
regions stabilises, the inequality of crop residue supply
sustainability between the eastern provinces and the cen-
tral and western provinces will remain large. In the long
run, if the “Western Development” and “Revitalisation
of the Old Industrial Bases in the Northeast” strategies
are able to achieve remarkable results, and the central
region is able to grow and narrows the regional gap, the
inequality of continuous crop residue supply between the
regions will presumably shrink.

While the inequality in the EDL can best explain the
differences in crop residue supply between the economic
regions, the SDI and PSC can best explain the inequal-
ity in the interprovincial crop residue supply, which fur-
ther verifies that the seasonality of crop harvesting and
planting scale are important factors that constrain a sus-
tainable crop residue supply. Crop diversity accounts for
18.37% of the inequality in the continuity of crop residue
supply, and the planting scale accounts for 14.37%.

For provinces with different climatic conditions, the
continuity of crop residue supply differs markedly. A
larger proportion of inequality is caused by the climatic
conditions given by the measured temperature. When
global warming is a certain and irreversible fact, and cli-
matic conditions in the northern regions improve, the
climatic differences between the regions shrink, thereby
narrowing the gap between the regional crop residue
supply differences. The impact of °C? on inequality in the
continuity of crop residue supply is very weak.

Another significant factor is the EP. With economic
development and the division of labour between the
regions, the demand for and consumption of energy in
different regions show greater differences, which means
that EP plays an increasingly important role in the ine-
quality in the continuity of crop residue supply.

The contribution rate of PST onto the inequality is
only 5.58%. The transformation of the consumption
structure caused by an increase in the income level
entails changes in the demand structure of agricultural
products. However, this kind of change exists in almost
all regions. In the long run, the gap in the planting
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structure between the regions must be reduced, which
in turn would lead to a reduction in the inequality in
the continuity of crop residue supply. The topography
and the FS contribute less to this inequality.

Robustness check
The above decomposition of the interprovincial ine-
quality in the continuity of crop residue supply is based
on the method proposed by Shorrocks [69] and Fields
and Yoo [70]. The measurement indicator used in this
method is the coefficient of variation, but some schol-
ars believe that the coefficient of variation “exaggerates”
the degree of inequality [67, 71]. Therefore, another
regression decomposition method [72] was used and
the Gini coefficient and the Theil T index and L index
were applied to perform the robustness test for the
results above. The robust results are shown in Table 5.
The results in Table 5 demonstrate that, according
to the Gini coefficient, with regard to the proportion
of the contribution of various factors to the inequality
in the continuity of crop residue supply, the ranking of
factors shows the characteristics of crops (with 42.36%),
the macroeconomic status (with 33.48%), and the geo-
graphical and climatic conditions (with 10.59%). The
ranking of various factors is the same as that achieved
when using the Theil T index and L index. Comparing
the results of the robustness test with those in Table 4
revealed that the contribution rate of each factor to the
inequality is slightly different, but the ranking is the
same. Therefore, the above conclusions have a good
robustness.

Table 5 Results of robustness analysis
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Conclusions and implications

Conclusion

In this paper, interprovincial panel data were used for
analysing the factors that affect the continuity of crop
residue supply and confirm that the PSC, the SDI, °C
and the topography have a significantly positive impact
on the continuity, while the PST, the °C?, the EP, and the
EDL have a significantly negative impact. The regression-
based decomposition method was further employed for
measuring the contribution rate of each factor on the
interprovincial inequality in the continuity of crop resi-
due supply. The results showed that characteristics of
crops have the highest explanatory power for a continu-
ous and environmental-friendly crop residue supply,
followed by the macroeconomic status, and the geo-
graphical and climatic conditions that have a very limited
explanatory power. Judging from a single factor, the EDL
between eastern provinces and central and western prov-
inces is the most important factor causing the regional
inequality in the continuity of crop residue supply. The
SDI and the PSC have the highest explanatory power for
inequality, followed successively by the EP, climatic con-
ditions, the PST, the FS, and topography.

Implications
Based on these conclusions, the following implications
could be summarised:

In the short term, neither geographical and climatic
conditions, as well as characteristics of crops, nor the
macroeconomic conditions will change significantly.
Therefore, it is more difficult to improve the continuity
of crop residue supply by changing these factors. Thus,

Feature categories Variables Gini % Theil-L % Theil-T %

Geographical and climatic °C 2.51 545 112 3.06 117 3.00
conditions °C? 085 185 064 175 073 187
TGP 152 3.30 1.13 3.08 1.55 3.97
Sum 488 10.59 2.89 7.89 345 8.84

Characteristics of crops PSC 6.91 15.00 531 14.49 5.58 14.30
PST 247 536 1.23 336 1.83 4.69
FS 1.32 2.87 013 0.35 0.34 0.87

SDI 8.81 19.13 7.51 2049 9.13 23.39

Sum 19.51 4236 14.18 38.69 16.88 43.25
Macroeconomic status EP 573 1244 412 11.24 3.15 8.07

EDL 9.69 21.04 8.01 21.86 8.07 20.68

Sum 1542 3348 1213 33.1 11.22 28.75
a 1.22 265 1.32 3.60 1.25 3.20

5.03 10.92 6.13 16.73 6.23 15.96

Sum 6.25 13.57 745 20.33 748 19.16
Total 46.06 100 36.65 100 39.03 100
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new ideas should be considered to improve the continu-
ity. First, this paper only studies the continuity of crop
residue supply from the perspective of resource endow-
ment, while ignoring the socio-economic factors—straw
storage. When the total amount of crop residue and
the distribution of straw harvest season are fixed, stor-
age is an essential factor to determine the continuity of
crop residue supply. The conclusion of Rentizelas et al.
[31] reveals the necessity and importance of strength-
ening straw storage capacity in the short term. Second,
the continuous supply of crop residue differences among
provinces highlights the comparative advantages and dis-
advantages of the regions in implementing energy-based
agriculture, which is represented by the respective pro-
duction of bioenergy. Giving full play to comparative
advantage and an interprovincial crop residue energy cir-
culation, the EP of the developed provinces can not only
be reduced, but also provides a new engine for the eco-
nomic development of agricultural areas. Finally, there
are some period lags in crop harvest among the regions.
Therefore, the cross-regional deployment of crop residue
is also an idea to solve the problem of a persistent short-
age of short-term supply.

In the long run, the characteristics of crops and the
macroeconomic status will change. However, the mac-
roeconomic status is more dependent on the overall
economic development of the country. Since the charac-
teristics of crops have the most significant influence on
the sustainability of crop residue supply, efforts for their
improvement should focus on adjusted planting charac-
teristics. Large agricultural provinces can improve the
continuity of crop residue supply by adjusting the PSC,
the PST, and the crop diversity, making full use of the
advantages of resources and of the development of the
energy potential of the agriculture. In addition, large agri-
cultural provinces should enhance the protection of cul-
tivated land, ensure a stable growth of grains, cotton, and
oil crops, and stabilise and expand the planting scale of
straw crops, thus guaranteeing the total amount of crop
residues. At the same time, attention should be paid to
the new varieties of crops harvested in the gaps between
the cultivation of traditional crops and the rational
encouraging of farmers and regions to carry out a diversi-
fied crop production to narrow the time gap between the
harvests. It is easier to reduce the seasonal fluctuations in
straw crop harvests, which will in turn improve a sustain-
able and continuous environmental-friendly crop residue
cultivation.

Future research directions

Please note that in this research paper such factors were
examined that affect the continuity of crop residue supply
from the perspective of resource characteristics without
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considering storage factors. Therefore, future research
studies should include the storage in the analytical frame-
work, and take the costs and profits of storage into con-
sideration, as well as analyse the impacts of storage on a
continuous and sustainable crop residue cultivation.
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